The role of oxygen and energy state in development and storage activity of cereal grains is an important issue, but has remained largely uninvestigated due to the lack of appropriate analytical methods. Metabolic pro®ling, bioluminescence-based in situ imaging of ATP, and oxygen-sensitive microsensors were combined here to investigate barley seed development. For the ®rst time temporal and spatial maps of O 2 and ATP distribution in cereal grains were determined and related to the differentiation pattern. Steep O 2 gradients were demonstrated and strongly hypoxic regions were detected within the caryopsis (<0.1% of atmospheric saturation). Growing lateral and peripheral regions of endosperm remained wellsupplied with O 2 due to pericarp photosynthesis. ATP distribution in the developing grain was coupled to endosperm differentiation. High ATP concentrations were associated with the local onset of starch storage within endosperm, while low ATP overlapped with the hypoxic regions. Temporally, the building of steep gradients in ATP coincided with overall elevating metabolite levels, speci®c changes in the metabolite pro®les (glycolysis and citrate cycle), and channelling of metabolic¯uxes towards storage (increase of starch accumulation rate). These ®nd-ings implicate an inhomogenous spatial arrangement of metabolic activity within the caryopsis. It is suggested that the local onset of starch storage is coupled with the accumulation of ATP and elevated metabolic activity. Thus, the ATP level re¯ects the metabolic state of storage tissue. On the basis of these ®ndings, a hypothetical model for the regulation of starch storage in barley seeds is proposed.
Introduction
The agronomical importance of cereal seeds is based on their accumulation of storage products, mainly starch and proteins. Despite extensive studies on the structure, biochemistry, and genetics of developing grains (Duffus and Cochane, 1982; Olsen, 1992; Bewley and Black, 1994; James et al., 2003) the regulatory mechanisms underlying their high storage capacity are largely unknown. Storage product synthesis requires high amounts of energy provided by ATP and reducing equivalents. The level of adenine nucleotides affects storage because they function as co-substrates for many enzyme reactions, and may interact with protein kinases (Sugden et al., 1999) . There is a growing body of evidence that biosynthesis in seeds is energy-limited (Neuhaus and Emes, 2000; Rolletschek et al., 2002a Rolletschek et al., , 2003 Borisjuk et al., 2003) . A control function of energy supply in storage was suggested. The amount of available energy can be represented by the adenylate energy charge (AEC; Pradet and Raymond, 1983) . In barley, the AEC decreases during storage (Macnicol and Jacobsen, 1992) concomitant with the induction of fermentative enzymes (Macnicol and Jacobsen, 2001) . From these ®ndings, as well as somatic embryogenesis studies (Carman, 1998) , it has been proposed that developing grains are hypoxic. This could have important implications for grain yield and quality. However, it still remains to be demonstrated that O 2 levels inside the grain are low and likely to affect growth and storage.
Recently, it was demonstrated that legume seeds develop under hypoxic conditions (Rolletschek et al., 2002a) . Embryo photosynthesis contributes signi®cantly to oxygen supply and is coupled to biosynthetic¯uxes . ATP distribution within embryos is developmentally regulated and correlated with photosynthetic capacity . In cereal grains, storage occurs in endosperm lacking any chlorophyll.
Until now, O 2 and ATP-mapping of cereal grains has not been possible due their small size and complex morphology. Therefore, the general importance of conclusions drawn from legume seeds regarding hypoxia and energy state control of storage product biosynthesis remains to be tested.
Novel approaches are needed to analyse the spatial and temporal relationships of storage product accumulation, energy state, and O 2 supply. In the work presented here, microsensors and a bioluminescence imaging technique allowed the spatial distribution of O 2 and ATP in developing barley caryopses to be studied. For the ®rst time, the existence of steep gradients in oxygen and ATP concentrations within the cereal grain are demonstrated. Their relation to tissue differentiation and starch storage pattern is illuminated. Based on the correlative analysis of these novel data, together with metabolite pro®ling and histological studies, a model is proposed, illustrating ideas about the possible role of oxygen and energy supply for storage patterning in barley grains.
Materials and methods

Plant material
Barley plants (Hordeum vulgare cv. Barke) were cultivated in growth chambers under a light/dark regime of 16/8 h at 20/14°C. Flowering ears were tagged for determination of days post-anthesis (DPA). Caryopses were harvested at distinct developmental stages in the mid-light/dark phase, and snap-frozen in liquid N 2 .
Determination of free amino acids, dissolved sugars, starch, pigments, and metabolites Frozen plant material was weighed and homogenized by mortar and pestle. Free amino acids (FAA) and dissolved sugars were measured after ethanolic extraction by HPLC (Rolletschek et al., 2002a, b) . Starch was measured photometrically as in Borisjuk et al. (2003) . Chlorophyll was measured photometrically after extraction with acetone as in Borisjuk et al. (2003) . For the determination of other metabolites plant material was extracted with trichloroacetic acid (Rolletschek et al., 2002a) . Nucleotides and their sugars were determined by HPLC (Rolletschek et al., 2002a) . Metabolites of gylcolysis and the citrate cycle were measured by ion chromatography coupled to mass spectrometry (IC-MS). This allowed the separation of the analytes depending on their retention times and their molecular masses, and the execution of parallel quantitative determinations with low detection limits. Chromatography was performed using a DX-600 ion chromatography system (Dionex, USA). Separation was carried out on a Dionex AS11-HC column (2Q250 mm) and an additional guard column (AG11-HC) at 25°C. A binary gradient at a constant¯ow rate of 0.5 ml min ±1 was applied using distilled water (eluent A) and 100 mM sodium hydroxide (eluent B). The gradient was produced by the following linear concentration changes: 8 min 4% B, 20 min 30% B, 10 min 60% B, 10 min 100% B, hold 100% B for 3 min, Return to 4% B in 3 min, and equilibrate for 10 min. Column ef¯uents were directed to an ASRS-ULTRA (2 mm) anion self-regenerating suppressor (Dionex) working in the external water mode (2 ml min ±1 ) at 100 mA. After passing the conductivity cell, the ef¯uent was directed into the electrospray chamber, where ionization of separated compounds at atmospheric pressure took place. MS analysis was performed using a single quadrupole (MSQ, Dionex) with enhanced low mass option. The following parameters were employed: probe temperature 400°C, sheath gas nitrogen, capillary voltage 3.5 kV, detection in negative ion mode using cone voltage of 50 V, and dwell time of 1 s. Up to 20 metabolites were measured in parallel using single ion monitoring (SIM) mode. Deprotonated ions [M-H]-were monitored with a span of 1 amu. Single SIMs were performed in small time windows of approximately 5 min during a total run time of 64 min. Up to ®ve SIMs were run in parallel at maximum. This allowed parallel monitoring to be minimized and sensitivity to be enhanced, respectively. By comparing the results of IC-MS analyses with those from enzymatic assays it was possible to validate the concentration determined by IC-MS. In efforts to establish the ef®ciency of the whole extraction and measurement procedure, the recovery of metabolites was checked by the addition of metabolite standards to tissue samples (about 3-fold excess) at the start of extraction. Estimates of recovery were between 77% and 98%.
Measurement of internal O 2 concentration
O 2 concentration inside seeds was measured using O 2 -sensitive microsensors as described in detail earlier (Rolletschek et al., 2002a) . Brie¯y, the intact caryopsis was carefully detached from the ear and ®xed. Part of the palea (or lemma) were removed to allow correct positioning and to avoid destruction of the sensor (approximately 40 mm tip). This removal did not affect O 2 levels within grains as it was checked upon initially. Subsequently, the sensor was driven into the seed by a micromanipulator. Measurments were done within 10 min. O 2 concentration is given in percentages of atmospheric saturation (21 kPa=100%). Measurements were done in the light (about 700 mmol m ±2 s
±1
) and darkness, respectively. After measurement, seeds were dissected at the measured transect to identify the exact position of the sensor.
Imaging of local ATP concentration
The method of imaging bioluminescence was used to measure ATP distribution in cryosections of caryopses. This technique allows the quantitative, histographical mapping of ATP and was described in detail earlier . Brie¯y, cryosections were prepared from shock-frozen caryopses, and immersed into an enzyme solution linking ATP to the reaction of ®re¯y luciferase. This enzyme emits photons with an intensity proportional to the content of ATP. The light emission was registered with a photoncounting system connected to a microscope. ATP concentrations determined by bioluminescence are considered in accordance with those determined by conventional HPLC. The high correlation coef®cient (0.85; P <0.01) clearly indicates the validity of this method .
Results and discussion
The onset of storage in endosperm is coupled with elevating starch accumulation rates and with an overall increase of metabolite levels The single-seeded fruit known as a caryopsis (Fig. 1A) consists of the pericarp and testa surrounding the endosperm and the embedded embryo. During development, the pericarp degenerates, and the enlarging endosperm becomes the main storage organ (Fig. 1B, D) . Starch is the main storage product in barley. Accordingly, the size and localization of starch grains indicate the topographical arrangement of storage and the starch accumulation rate can be used to characterize storage activity.
Seed development was analysed from 0±20 d postanthesis (DPA), covering the prestorage, intermediate, and storage phases. Within the prestorage phase (0±5 DPA) the caryopsis consists mainly of pericarp tissue, embedding the liquid endosperm and the embryo. Increase of fresh weight and starch accumulation was low (Fig. 1F) , the latter is mainly found in the pericarp (Weschke et al., 2000) . Levels of glycolytic and citrate cycle metabolites were consistently low, but free amino acids (FAA) and soluble sugars started to increase (Fig. 2) . The subsequent intermediate phase begins after endosperm cellularization at 4±5 DPA and proceeds with the differentiation of endosperm tissues. Starch accumulation starts with low synthesis rates (calculated from starch accumulation per day and per caryopsis; Fig. 1F ). In parallel, a slight increase in several metabolites of glycolysis and the citrate cycle was also evident (Fig. 2) . During the main storage phase (from 10±11 DPA onwards), a high starch synthesis rate was found indicating high storage activity. Risinḡ uxes into starch were coupled with a strong increase in ADP-glucose (Fig. 2) , the direct precursor for the starch synthase reaction (James et al., 2003) . All measured metabolites of the glycolytic and citrate cycle pathway increased similarly several-fold (Fig. 2 ). Both the¯ux into starch (starch synthesis rate) and metabolite levels peaked at approximately 14 DPA, and remained at high levels thereafter. In accordance with these metabolic changes, glycolytic and storage-associated genes, e.g. ADP-glucose pyrophosphorylase, were induced at the onset of storage (Sreenivasulu et al., 2004) . The described changes imply that storage activity is coupled with elevated metabolic uxes, re¯ected in higher metabolite levels.
Is the storage phase energy-limited? Increasing metabolic activity (e.g. starch accumulation rate) during storage may affect energy status, and vice versa. In order to investigate this relationship, the adenine nucleotide pool was analysed (Fig. 3) . During the prestorage phase the level of AMP, ADP, and ATP as well as the adenylate energy charge (AEC=(ATP+0.5Q ADP)/(ATP+ADP+AMP) was fairly constant (Fig. 3A) . Upon entering the storage phase there was an increase in all three adenine nucleotides. This re¯ects the overall change in metabolic activity at this time, and was also found for other metabolites (Fig. 2) . However, the AEC started to decrease in the process of further development (main storage phase), mainly due to both lower ATP and higher AMP levels.
It was concluded from the data obtained that the main storage phase becomes increasingly energy-limited. This limitation can be regarded as a result of (i) the elevated metabolic activity that leads to an increased energy demand or/and (ii) the decrease of energy supply. These data showed high alanine and malate levels during storage (Fig. 2) , suggesting fermentation activity (Macnicol and Jacobsen, 1992) , and up-to 5-fold increases in the lactate to pyruvate ratio (data not shown) during the night, indicating a strongly reduced NAD + system. It implicates an in vivo O 2 -limited respiration, and is also re¯ected by the induction of fermentation enzymes (Macnicol and Jacobsen, 2001) .
These results seem to be at variance with the correlation of high energy and storage during Vicia and pea seed development which were described earlier Borisjuk et al., 2003) . Therefore, the existence of a speci®c spatial arrangement of both storage activity and high energy levels was assumed within the developing endosperm, concealed by whole organ analysis. In order to prove this assumption, the spatial distribution of ATP was investigated. ATP distribution is developmentally controlled A recently developed quantitative bioluminescence method was applied for measurement of ATP concentrations directly in cryosections of the developing barley grain. The ATP pool is directly related to AEC by the activity of adenylate kinases. By plotting AEC versus ATP a near-linear correlation can be observed up to an AEC of about 0.9 (data not shown). A similar relationship was found for legume embryos . Therefore, the steady-state level of ATP was chosen here as an indicator of the energy status of tissues. On the basis of the ATP distribution, the imaging technique allowed the ATP/energy state to be related to the developmental state of tissue. Representative ATP maps are shown in Fig. 3B±D and Fig. 5 . In general, the tissues wrapped by the embryo sac, mostly endosperm, had much higher ATP levels than the pericarp and the nucellar projection. During the prestorage phase, ATP was slightly elevated in the caryopsis' central region (Fig. 3B) . During the intermediate phase, high ATP characterized the entire endosperm with the highest local levels (up to 1000 nmol g ±1 FW) in the central regions of the lateral endosperm (cheeks), as can be seen on the ATP map in Fig. 5 . Later on, the ATP-rich zone expanded to the ventral region connecting the two lateral parts like a bridge (Fig. 3C) . During the storage phase, high levels of ATP became associated with the peripheral regions (Fig. 3D) . ATP decreased within the central part of the endosperm. This low ATP-region expanded during development. Simonds and O'Brien (1981) described in detail the asymmetric dorso-ventral growth pattern of the caryopsis. According to this pattern, a developmental gradient is formed within the endosperm: mitotically active cells mostly on the periphery, expanding starch-accumulating cells predominantly towards the median zone and, ®nally, fully differentiated storage cells in the central region. This gradient is re¯ected in cell size and the size of starch grains, and is recognizable during the entire development. The topographical relations of ATP distribution and histological pattern (Fig. 3E-H) were analysed. During the intermediate phase, high ATP (red colour in the ATP map, Fig. 3C ) was correlated with storage cells containing a vacuole and multiple small starch grains (sc in Fig. 3E ). ATP concentration declined towards the elongating cells (ec) and was minimal in small, mitotically-active peripheral cells (mc). Towards maturation, high ATP (Fig. 3D ) became associated with aleurone (al in Fig. 3H ), where the protein storage occurs (data not shown), and aleuroneattached starchy endosperm containing only small starch grains (ae). Low ATP was characteristic for fully differentiated starchy endosperm cells (se) already occupied by large starch grains. Thus, high ATP is characteristic for actively starch-accumulating cells. It is concluded that ATP distribution patterns are related to the differentiation Fig. 2 . Concentration of dissolved sugars, and free amino acids, glycolytic and citrate cycle metabolite changes during development in the day/night cycle (white and dark circles, respectively, means TSD).
of endosperm towards storage tissue. Thereby, a high ATP level is associated with the local onset of storage.
Oxygen supply to the endosperm is inherent in the chlorophyll pattern of the caryopsis Within the endosperm, ATP synthesis via respiration depends on O 2 supply. There is experimental evidence that O 2 is generated in the pericarp by photosynthesis (Caley et al., 1990; Nutbeam and Duffus, 1978; Duffus and Cochrane, 1982) . Photosynthetic activity is correlated with chlorophyll content (Evans and Rawson, 1970; Caley et al., 1990) . Chlorophyll content increased within the intermediate growth phase (Fig. 4D) immediately after the induction of photosynthesis-related genes (Sreenivasulu et al., 2004) . Using laser scanning microscopy, it can be shown that chlorophyll is located in a distinct layer within the pericarp, covering the whole endosperm except for the region of veins and nucellar projection (Fig. 1B, C) . This pattern was maintained during the entire development (Fig. 4D, E) . The existence of these chlorophyll layers may suggest that photosynthesis (O 2 production) plays a role in grain growth.
In an effort to validate this suggestion, the internal O 2 distribution under light and darkness was analysed using microsensors. During the prestorage phase, O 2 declined from the outer pericarp layer towards its inner layers (Fig. 4A) . Within the liquid endosperm O 2 content was fairly low (about 1% of atmospheric saturation) and constant. During the early storage phase, sharp O 2 gradients were observed in caryopses (Fig. 4B) . Measured in the light, O 2 increased within the pericarp up to 250% and peaked within the chlorophyll strands (T50±100 mm, red dotted line in Fig. 4 ). The peak O 2 level was dependent on light intensity (data not shown). Towards the interior of the caryopses, the level of O 2 fell sharply and was lowest within the central endosperm. During the late storage phase, an O 2 peak was detectable only in the ventral chlorophyll layers (close to the nucellar projection). The low-O 2 zone in the central region of the endosperm became dramatically enlarged during development (compare Fig. 4B and C ). The minimum O 2 level was dependent on the developmental stage: it decreased from about 2% at the 20 mg FW-stage to 0.6% at the 40 mg FW-stage. This indicates an increasing hypoxic strength during development, and corresponds to the induction of fermentation as described above. Overall, the shape of the concentration gradients clearly indicates that (i) O 2 is produced at high rates within the chlorophyll-containing layers of the pericarp, and (ii) O 2 ows towards both the endosperm and the outer pericarp. Lateral and peripheral regions of endosperm are favourably supplied with O 2 . Oxygen supply to the endosperm is therefore inherent in the chlorophyll pattern. The sharp O 2 decline within the endosperm during the storage phase points to a strong consumption due to high metabolic activity. Integuments attached to the endosperm (except at the creased vein area, cf. Zee and O'Brien, 1970) obviously allow O 2 diffusion as derived from O 2 concentration gradients. Nevertheless, they may impede gas exchange (Cochrane and Duffus, 1979) . This would, in addition, account for sharp gradients. It was concluded further that the role of pericarp photosynthesis for the storage process consists more of oxygen supply to the endosperm then of CO 2 ®xation (only 2% of ®nal starch are derived from grain photosynthesis; cf. Watson and Duffus, 1988) .
Central regions of growing caryopses become strongly hypoxic Within caryopses of the prestorage phase, oxygen concentrations were moderately low (Fig. 4A ). There were no changes in O 2 levels upon light/darkness (data not shown). This indicates the lack of photosynthetic activity at an early stage and corresponds to the chlorophyll pro®le (Fig. 4D) . During the intermediate and early storage phases (Fig. 4E) the O 2 levels in darkness fell below 0.1% within the nucellar projection cells/ endospermal cavity/endospermal transfer cells. These tissues represent an essential part of the main transport route for assimilates (Patrick and Of¯er, 2001) . During further development, the low O 2 region spreads on the starchy endosperm (compare Fig. 4E and F) . O 2 levels decreased to near zero (<0.1%) and were below the resolution of the microsensor. Thus, about 10-fold differences in oxygen concentration within the central endosperm (1.2 versus <0.1 during light and darkness, respectively) were apparent. The O 2 levels found here may still be suf®cient for plant mitochondrial cytochrome oxidase due to its low K m (Drew, 1997) . However, hypoxic responses are already observed at relatively high O 2 levels (5±10%; Rolletschek et al., 2003; Vigeolas et al., 2003) . Concomitant with lower oxygen levels in the caryopses at night, metabolic pro®ling showed changes characteristic for hypoxia: lower energy charge levels (Fig. 3A) and a decrease of glycolytic metabolites downstream of Fru1,6diP (Fig. 2) during the night. Together, it can be shown that developing caryopses are becoming hypoxic during the intermediate and storage phases, especially during the night. Metabolic adaptations to low oxygen generally result in the down-regulation of energy-consuming processes, including storage activity. Our data strongly suggest that both nutrient transport to the endosperm and storage activity within the endosperm are affected by local oxygen depletion. Twenty-years ago, Gifford and Bremner (1981) could show that light stimulates in vitro the uptake and incorporation of 14 Csucrose into starch by wheat kernels, possibly via oxygen delivery by pericarp photosynthesis. It could further be shown that superambient oxygen levels boosted starch synthesis in the light (by 30% compared with ambient O 2 levels), but, in particular, in darkness (over 5-fold). The oxygen and ATP maps can explain the ®ndings by Gifford and Bremner, and allow the following conclusions: (i) storage is oxygen/energy-limited under in vivo conditions, and (ii) photosynthetic oxygen supply can be a strong determinant for storage product accumulation. Day/ night changes in the metabolic activity of caryopses (as in Gifford and Bremner, 1981) can easily be explained as a response to varying oxygen levels inside the caryopsis. This would also be consistent with ®ndings on light effects on metabolic and storage activity in seeds of other species (Vicia faba: Rolletschek et al., 2003; soybean: Willms et al., 1999; oilseed rape: Eastmond and Rawsthorne, 1998) .
High ATP and storage activity occur in regions well supplied with oxygen O 2 concentration was analysed in relation to ATP distribution and storage pattern. Lateral regions of the endosperm, where storage activity is initiated, are surrounded by potosynthetically-active tissue. O 2 supply in this region is most favourable (Fig. 5) . In the groove region, O 2 is supplied mostly from one (ventral) direction because vein, nucellar projection, and the endospermal cavity lack chlorophyll. In this region low O 2 is found, and both ATP and starch accumulation are delayed temporally. High ATP concentrations and starch-accumulating cells are located along the O 2 -enriched, endospermal tissues (Fig. 5) . This topographical correlation can be drawn from the comparison of oxygen concentration, the ATP map, and starch deposition within the caryopses (Fig. 5) . During further development, accumulation zones of ATP and starch move towards peripheral regions (Fig. 3C±H ) which are always O 2 -enriched. It was concluded that the endospermal storage activity, which is coupled with high energy demand, occurs in regions with favourable O 2 supply. Under O 2 limitation, this localization is crucial for respiratory ATP synthesis.
Beside ATP, organic substrates are needed for both respiration and storage activity. Sucrose can play a double role in starch storage: as a signal molecule and as a precursor for starch synthesis (Smith et al., 1997; Wobus and Weber, 1999; Rolland et al., 2002; Sun et al., 2003) ; the rate of starch accumulation is a function of sucrose concentration (Jenner et al., 1991) . High levels of sucrose were shown to induce genes of the starch biosynthesis pathway (Koch, 1996) . In barley, sucrose is the major sugar during grain-®lling. Sucrose is associated with upregulation of the sucrose transporter, induction of sucrose synthase, and the onset of storage (Weschke et al., 2000) . Sucrose is delivered from the maternal tissue through the nucellar projection and taken up by the attached endospermal transfer cells (Patrick and Of¯er, 2001) . Further distribution of sucrose occurs symplastically (Wang et al., 1995) , driven by local sink activity within the peripheral regions of the endosperm. The consequent¯ow of sucrose is directed towards O 2¯o w. Because low O 2 may limit ATP supply and low sucrose may limit starch synthesis, the availability of both of these metabolites can signi®-cantly in¯uence the storage process. This idea about the possible interactions of oxygen distribution, carbohydrate supply, and energy state of the tissue within the developing caryopsis, is illustrated in Fig. 6 . This hypothetical model suggests that optimal grain ®lling is achieved by suf®cient oxygen supplied from the photosynthesizing pericarp towards the inner part of the endosperm, and by sugar ow towards peripheral regions of the endosperm. The zones that are favourably supplied with both sugars and oxygen, produce the highest amount of ATP and, accordingly, storage polymers. This would account for the pattern of starch accumulation observed during development: starch grains appear ®rst in the central region of the lateral endosperm (intermediate phase), are than found along the median line in the groove, and ®nally the starchaccumulating zone migrates towards the periphery in later stages (cf. Simonds and O'Brien, 1981) .
Concluding remarks
This study provides the ®rst experimental evidence for oxygen and ATP gradients within cereal grains. Very low O 2 levels were found inside grains well known to limit respiration and overall metabolic activity. During development, hypoxic regions expand and cover the major part of the starchy endosperm. The increasing oxygen depletion is re¯ected in lower energy state and changing metabolite pattern. Topographically, hypoxic regions were characterized by a locally-decreased steady-state level of ATP. High concentrations of ATP corresponded with metabolically active regions involved in storage biosynthesis. This temporal and spatial correlation maintained during development indicates that a high ATP/energy state is characteristic of actively-storing tissues within the barley endosperm. It is reasonable to assume that a high ATP/ energy state might even be necessary to fuel the elevated metabolic¯uxes. Further evidence comes from studies with legume seeds, where the energy state was related to the distribution of storage activity as well as to the partitioning of assimilates into different storage product classes Rolletschek et al., 2003) . This suggests a general regulatory role of energy state on storage activity in seeds. Independent of their speci®c morpho-physiological features and photosynthetic capabilities, seeds have to cope with a limited oxygen and energy availability to maintain their high storage capacity. These ®ndings lay the groundwork for further investigations, including molecular approaches (transgenic/reverse genetics).
The role of O 2 and ATP may not be limited to its function as an electron acceptor in the respiratory chain and energy source, respectively. Both are also known as signal molecules. It has been reported that O 2 acts in plants as a signal affecting gene expression (Drew, 1997; Klok et al., 2002) . In the mammalian system ATP sensors were recently described (Dennis et al., 2001; Lo Âpes-Barneo et al., 2001; Ryten et al., 2002) . Plant sensors tuned to distinct O 2 /ATP levels, as well as signal cascades and transcription factors acting in this process, are currently unknown. Fig. 6 . Working model of the energy state control on the storage pattern in barley endosperm. O 2 (dark-green arrows) is supplied by pericarp photosynthesis within the chlorophyll layers (c) and¯ows towards the inner endosperm regions. Sugars (red arrows) are supplied from the maternal vein (v) and¯ow through the nucellar projection (np) and transfer cells (tc) towards the peripheral regions of endosperm. In such a way, the median zone of the endosperm becomes favourably supplied with both sugar and O 2 , allowing high ATP generation and storage (orange zone).
